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INTRODUCTION 


Modern helicopters have been limited in high speed capability and 
cruise performance by stall of retreating blade and by compressibility 
effects of advancing blade. One technique for minimizing those adverse 
effects is to locate the rotor’s total lift centroid on the advancing 
side of the rotor disk. The retreating blade lift requirements would 
then be greatly lessened, and the advancing blade would be operating 
at conditions favorable for better lift-to-drag ratios. This lift 
offset would result in a rolling moment across the hub. To achieve 
significant lift offset would necessitate a hingeless rotor system or 
large offset flapping hinge on an articulated rotor plus a means for 
countering the rolling moment (for trim) such as another rotor, a wing, 
or center-of-gravity offset etc. 

A rotor system has been built based upon this lift offset or 
advancing blade concept (ABC). This ABC rotor system featured two, 
counter rotating coaxial rotors utilizing blades that were very stiff 
in torsion and in flatwise and chordwise bending. Also, the blades 
were attached rigidly to the hubs with only a feathering bearing. 

The counter-rotating coaxial rotor arrangement resulted in cancellation 
of the hub moment below the rotating system, caused by the lift offset 
on the upper and lower rotors respectively. 
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An investigation was performed on the ABC rotor system in the 
40- by 80-foot wind tunnel in June 1970. The program objectives were 
to demonstrate the system's performance capability, rotor loads, and 
to determine stability and control power derivatives over an advance 
ratio range of .2 to .9. Data were obtained over a range of lift and 
propulsive force, and are presented without discussion. 

Overall noise data are presented in Appendix A. 


NOTATION 


Positive directions of forces and moments are shown in the 
following sketch. 
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A 1 9 B 1 ’ 
su su 


•&! » B 

s£ s£ 


A1S 


A1SP 


coefficients in the representation of rotor-blade cyclic 

pitch for the upper and the lower rotors individually, 

that is, upper rotor 9 c = -A^ cos ^ -B^ sin xj>, 

su su 

lower rotor 9 = -A cos ijj -B sin xp » deg. 

C s£ s£ 

rotor system pitching moment control in deg, 

A 1 + A 1 
su s£ 

2 

inter-rotor pitching moment control in deg, 

Ai — A^ 

su s£ 


ALPHA SHAFT 

b ' 

BIS 


angle of rotor shaft from vertical, positive shaft 
tilted aft , deg 
number of blades 

rotor system rolling moment control in deg, 

B 1 - B 1 
su s£ 


B1SP 


inter-rotor rolling moment control in deg, 
B - B 
su s£ 


• T5R 
CLR 

CMX 


blade chord at .75R, m 

rotor lift coefficient in wind-axis system. 


lift 


p S (fffi) 

resultant rolling-moment coefficient about center of 

lower rotor in shaft-axis system, 

shaft axis rolling moment 
p S (qr) 2 r 


<1 
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CMX 


CMZ 


CPO 


CQR 


CXR 


resultant pitching-moment coefficient about center 
of lover rotor in shaft-axis system, 
shaft axis pitching moment 
p S (0R) 2 R 

resultant yaving-moment coefficient about center of 
lover rotor in shaft-axis system, 

shaft axis yaving moment 
p S (or) 2 r 

rotor profile-pover coefficient, 

C9E - (CLH)2 2!?7aRT - CXB h 

rotor total torque and total pover coefficient 

(torque) (0) 
p S (OR) 3 

rotor propulsive-force coefficient in vind-axis system, 

drag 

p- .. ’ 

p S («R) 


CYR 


rotor side-force coefficient in vind-axis system, 
side-force 


p S (OR) 2 


DELTA THETA 


L/D 

M (1.0) (90) 
R 

S 


half the difference in collective pitch between the upper 

0 0 

and lower rotor blades , u - i , deg 

2 


ratio of rotor lift to equivalent drag, lift 

drag + (torque) (0/v) 

rotor-blade tip Mach number at the 90° azimuth position 
rotor radius , m 

2 

reference area, bRc „„ , m 

• I pH 


<i 
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T 

THETA 


V 

V_, v_ 

ftR OR 


P 

Q 

6 

I 

e 

0. 


free-stream temperature, °K 

half the sum of the collective pitch of the upper and lower 
0 0 

rotor blades , u + SL , deg 
2 

free-stream velocity, m/sec 
advance ratio 

2 , b 

air density, kg sec /m 

rotor rotational speed, radians/sec 

cyclic pitch, deg 

lower rotor blade collective at 0.75R, deg 
upper rotor blade collective at 0.75R, deg 
rotor-blade azimuth angle measured from downwind 
position in direction of rotation for each rotor, deg 



MODEL DESCRIPTION 


The rotor system consisted of two, three bladed counter-rotating 
coaxial rotors. Dimensional information is listed "below. 


Rotor radius, m (ft) 
Blade chord, m (ft) 
root 
tip 

Cutout radius, m (ft) 

s 

Rotor solidity, — — 
irR^ 


6.098 ( 20 ) 

.5273 (1.73) 

.26365 (0.865) 

.7391 (2.425) 
0.111 


2 2 

Reference area, S, m (ft ) 
dual rotor 
single rotor 

Precone angle deg 
upper rotor 
lower rotor 

First mode bending frequency, cycle/sec 
flatwise 
torsion 


12.96 (139-5) 
6.48 (69.75) 

5 

0 

8.0 

114.5 


■Blade chord length was linearly tapered between root and tip. Blade 
twist was non-linear and is shown in figure 1. Root airfoil section 
(at cutout radius) was NACA 0030 with linear taper in thickness ratio 
to a NACA 0006 section at the tip. The distance between the upper rotor 
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and the lower rotor centers was .7622 m. (The upper rotor rotated 
counterclockwise and the lower rotor rotated clockwise as seen from 
above . ) 

Figure 2 is a general view of the rotor system installed in the 
wind tunnel test section. Rotor shaft angle-of-attack was remotely 
controlled using an extendable tail strut. Rotor power was provided by 
two 1521 metric HP variable frequency electric motors inside the faired 
body . The rotor was remotely controlled and monitored from the control 
room. 

The single rotor test configuration consisted of the upper rotor 
plus simulated root end fittings in place of the lower rotor blades. 

OPERATING PROCEDURES 

* 

• For a given rotor rotational speed, tunnel speed was adjusted to 
maintain the desired advance ratio. At each shaft angle, the collective 
pitch and the inter-rotor moment controls were varied in accordance with 
a pre-test plan. The remaining controls were adjusted to "trim" the 
rotor system about all three axes. Data were than recorded. Collective 
pitch, B1SP or shaft angle was then changed and the above procedure 
repeated until a limit was reached in either structural loading, 
tunnel balance vibration or clearance between the upper and lower 
rotor blade tips . The clearance limit between blade tips was arbitrarily 


set at 10 inches. 



Control power derivative data were obtained by varying one control 
at a time leaving the others fixed at their trim setting. Each control 
was deflected in both a positive and negative direction from its 
trimmed setting. 

Single rotor data were accumulated with the controls set at the 
same position as in the dual rotor case. 

Test conditions are illustrated in the rotor velocity diagram in 
figure 3. 


DATA REDUCTION 

Six-component forces and moments were measured by the wind-tunnel 
balance system. Tare corrections were applied to the balance data to 
account for forces and moments produced by the exposed model support 
struts, the faired body, and the rotating hub. The rotating hub tares 
included a simulated blade root end fittings out to .08125 R. The 
tares applied were based on wind-tunnel dynamic pressure, shaft angle 
and hub RPM. 

Wind tunnel wall corrections were not applied to the data. There 
are a number of tunnel wall correction techniques which may be employed 
by the reader in analyzing the ABC rotor data. One type of wall 
correction which may be used is that based on a fixed wing being analogous 
to the rotor. The formulas for this type of correction are given below. 
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\ For the dual rotor configuration, 

A (ALPHA SHAFT) = . 593 (CLR) (^g-) 2 

A CXR = -.01036 (CLR) 2 (^y^) 2 

A CMY = -3.5(ACXR) COS (ALPHA SHAFT) / (2) (20) 

For the single rotor configuration, 

A (ALPHA SHAFT) - .331 (CLR) (^y^) 2 
A CXR = -.00577 (CLR) 2 (^y^-) 2 
A CMY = -3 .5 (ACXR) COS (ALPHA SHAFT) / (2) (20) 

An example of the magnitude of this correction is shown below for two 
advance ratios, ~ = .21 and .7, using two actual data points from 
tables 6 and 17 . 




Wall Correction 

Wall Correction 



WITHOUT 

WITH 

WITHOUT 

WITH 

Table 

No. 

6 

6 

17 

17 

Point 

No. 

2 

2 

11 

11 

V/QR 


.2127 

.2127 

.7025 

-.7025 

ALPHA 

SHAFT 

8. 

9.71 

4. 

4.16 

CLR 


.130 

.130 

.1309 

.1309 

CXR 


-.0199 

-.0238 

-.0214 

-.0227 

L/D 


5.81 

4.95 

6.47 

6.07 

CPO 


.00034 

.00116 

.01285 

.01311 

CQR 


.000529 

.000529 

-.000805 

-.000805 

CMY 


-.001895 

-.001560 

-.002578 

-.002464 


Force and moment data are referred to a point located at the center 
of the lower rotor hub. The force data are in the wind axis system and 
the moment data are in the shaft axes system. (These data are presented 
in Tables 1 through 20.) The control settings presented with the force 
and moment data are values hand recorded from meter readings. 


A 
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Rotor power was determined from wattmeter readings of electrical 
power into the rotor drive motors. Motor plus transmission losses were 
determined by calibrations using the wind tunnel balance. 

The rotor profile power coefficient is based on the assumption of 
uniform downwash distribution over the rotor disk. 

"Trim" was established for the test program based upon IP bending 
moments for the upper and lower rotors, electrically summed. Tunnel 
balance data indicate that roll trim was not achieved by a considerable 
margin. What was the cause of the discrepancy between the tunnel balance 
rolling moment data and the electrically summed IP bending moments? The 
tunnel balance system was checked and found satisfactory. The tare 
configuration had no component that would contribute substantially to 
rolling moment with the rotors on and not contribute when the rotors were 
off. It appears that the rolling moment discrepancy was the result of 
instrumentation problems associated with the lower rotor slip ring assembly. 
The balance data presented herein is accurate, and although the rolling 
moment was not trimmed in the test, this does not indicate nor infer that 
trim could not have been achieved. A survey of the high advance ratio data 
indicates that L/D changes slightly as the out-of-trim rolling moment is 
In general, L/D increased as trim was approached. 


reduced . 
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RESULTS 


Test results are presented in Tables 1 through 20 and organized 
in the following manner. 

Table No. Advance Ratio, V/QR ALPHA SHAFT 

1 .212 - 10 , - 8, -4 


2 



-4 

3 



-4,0 

4 



4 

5 



4,8 

6 

i 

f 

8 

7 

,355 

ft 

-8,-4 

8 


lr 

-4,0, 4, 8 

9 

.4 

67 

-8 

10 



-8,-4 

11 



-4,0 

12 



0 

13 


t 

- 0,4 

14 



8 

15 

.6 

98 

-4 

16 



"4,0,4 

17 



4 

18 

.910 

-2,0 

VO 

* 

.212 

-8,0,8 





20 

.351 

-8,-4, 0,4 


Tables 19 and 20 are single rotor test results. 
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APPENDIX A 


HELICOPTER NOISE DATA 


Paul T . Soderman 



Appendix A 


Helicopter noise was measured with \ inch condenser microphones in 

the wind tunnel at locations shown in figure Al. The microphones were 

shielded by aerodynamically shaped nose cones. The data were recorded 

* 

on magnetic tape and later analyzed using a 6% bandwidth spectrum 
analyzer. 

Table Al shows the over-all sound pressure levels for the three 
microphones for various test conditions. Figure A2-A8 are typical narrow 
band frequency spectrums. The dips in the centers of the graphs are due 
to the analyzer mechanism and are not due to the noise characteristics. 
Figures A2 and A3 are background noise spectrums and Figures A4-A8 include 
the helicopter noise. Figures A9 and A10 show the noise from a 48 ft. dia- 
meter, two-bladed rotor tested in the 40- by 80-Foot Wind Tunnel previously. 
The data were taken from Full-Scale Helicopter Rotor Noise Measurements In 
Ames 40- by 80-Foot Wind Tunnel , Bell Helicopter Co., Report no. 576-099-052, 
Aug. 29, 1967. During the Bell test the microphone was located midway be- 
tween microphones 1 and 2 shown in figure Al. 

All data are presented uncorrected. It is estimated that the noise 
levels are approsimately 7 db higher than free field levels because of the 
reverberant field due to the wind tunnel walls. Also, the noise generation 
of the helicopter in hover condition was undoubtedly affected by the wake 
recirculation due to the wind tunnel walls . 


*filter bandwidth = 6% of center frequency 
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62 BANDWIDTH SOUND PRESSURE LEVEL DB RE .0002 DYNES/CM 2 



Run No. 2 RPM = 310 Mic. No. 3 

Delta Pt. 9 q = 0 a = 2°, 0 = 5° 


Figure A4- Noise spectrum with both rotors operating 










6% BANDWIDTH SOUND PRESSURE LEVEL DB RE .0002 DYNES/CM 





q=3062 N/m 2 (64 psf) 

Run No. 11 RPM = 310 Mic. No. 1 

Delta Pt. 12 a = -4°, 0 = 12° 

Figure A6 - Noise spectrum with both rotors operating. 




6 % BANDWIDTH SOUND PRESSURE LEVEL DB RE .0002 DYNES/CM 






2400 - 6 300 T'/g 


Run No. 24 RPM = 310 Mic. No. 2 

Delta Pt. 12 q = 0 a = -4°, 9 = 10° 

Figure A7 - Noise spectrum with one rotor removed from the model. 
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Figure A9- Thin-tipped rotor noise spectrum for hover condition. 
Bell rotor. 
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